was studied in early human NMO lesions. Apart from early complement-mediated astrocyte destruction, we observed a prominent, very early loss of oligodendrocytes and oligodendrocyte precursor cells (OPCs) as well as a delayed loss of myelin. Astrocyte repopulation of focal NMO lesions was already substantial after 1 week. Olig2-positive OPCs reappeared before NogoA-positive, mature oligodendrocytes. Thus, using two experimental models that closely mimic the human disease, our study demonstrates that oligodendrocyte and OPC loss is an extremely early feature in the formation of human and experimental NMO lesions and leads to subsequent, delayed demyelination, highlighting an important difference in the pathogenesis of MS and NMO.
Introduction
Neuromyelitis optica (NMO) is a chronic inflammatory demyelinating disease that has long been considered a variant of multiple sclerosis (MS). recently, antibodies against aquaporin-4 (AQP4) have been identified as a specific disease marker of NMO [12, 13] . Pathologically, NMO is characterized by destructive demyelinating lesions, i.e., lesions which are typically devoid of astrocytes as well as myelin, and which show substantial axonal loss [16, 17, 23] . The most characteristic feature of NMO, however, is the destruction of astrocytes and their foot processes in early lesions, substantiating the cardinal role of astrocyte pathology in disease. Additional histological features that distinguish NMO from MS include perivascular immunoglobulin (Ig) and complement deposition, vascular hyalinosis and the presence of polymorphonuclear-and especially eosinophilic-granulocytes in the early inflammatory infiltrate [16, 23, 32] .
Anti-AQP4 antibodies are found in the sera of around 75 % of NMO patients, depending on the sensitivity of the assay applied [6, 12, 13, 40, 41] . Their titres have been shown to correlate loosely with disease severity and length of spinal cord involvement [9, 22, 37] . Intravenous transfer of recombinant monoclonal anti-AQP4 antibodies derived from a CSF plasma cell of an NMO patient induced astrocyte loss in an animal model of perivenous CNS inflammation [1] . Similarly, the transfer of sera derived from NMO patients led to perivascular astrocyte loss in experimental autoimmune encephalomyelitis (eAe)-based rodent models [3, 11] , demonstrating the pathogenicity of anti-AQP4 antibodies in vivo. AQP4 is a water channel expressed at particularly high density on astrocytic endfeet abutting the capillaries in specialized 3-dimensional structures, socalled orthogonal arrays [5, 28, 43] . High antigen densities are found in the optic nerves and spinal grey matter [32] . Besides mediating astrocyte loss, anti-AQP4 antibodies may downregulate AQP4 and excitatory amino acid transporter (eAAT)2 on astrocytic endfeet with ensuing astrocyte dysfunction [7] .
NMO lesions closely resemble MS lesions, especially with regard to demyelination and the presence of foamy macrophages and lymphocytic inflammation. However, in contrast to the majority of MS lesions, abundant apoptotic oligodendrocytes have been reported in and immediately adjacent to early NMO lesions [4, 26] . given that astrocytes are considered the primary target in NMO, the time course and mechanisms of oligodendroglial and myelin damage are of particular interest. In addition, NMO lesions with different degrees of astroglial repopulation have been described. Bipolar, presumably recently generated astrocytes are frequently found in early NMO lesions [26] . However, the time course and sequence of astrocytic repair, oligodendroglial repopulation, and remyelination have yet to be examined.
In the present study, we employed two experimental models to examine the time course of myelin and oligodendroglial damage as well as oligodendroglial and astroglial repopulation in NMO-like lesions: (1) a transfer model of recombinant human anti-AQP4 antibodies (NMO rAb) into MBP (myelin-basic protein)-primed rats ("NMO/eAe") [1] ; and (2) a "focal NMO" model involving the focal, intracerebral stereotactic injection of NMO rAb and human complement. The NMO/eAe and focal NMO models provide complementary data on NMO CNS injury in the presence and absence of a CNS-specific T-cell response and allow investigation of the temporal course of glial injury and recovery in experimental NMO lesions.
Materials and methods
Human NMO tissue CNS tissue from six patients with serologically confirmed NMO or NMO spectrum disease was included in our study (Table 1 ). 4/6 patients had undergone brain or spinal cord biopsy for diagnostic purposes to exclude tumor, lymphoma or infection. From two patients, we analyzed CNS tissue obtained at autopsy. Anti-AQP4 disease was neuropathologically confirmed by a focal loss of gFAP and AQP4 in macrophage-rich, inflammatory demyelinating lesions with relative axonal preservation. In addition to the diagnostic histological and immunohistochemical stainings applied, tissue sections were stained for NogoA and Olig2. The study was approved by the local ethics committee.
Animals
All experiments were carried out in adult (170-240 g) female inbred lewis rats (n = 139) purchased from Harlan Winkelmann gmbH (Borchen, germany). The animals were kept in cages of 6 animals each on a 12:12 h light/ dark cycle with food and water ad libitum. All experiments Intravenous injection of NMO rAbs in MBP-preimmunized rats (eAe/NMO model)
The recombinant human anti-AQP4 antibody 53 (NMO rAb), derived from a CSF plasma cell of an NMO patient [1] (500 μl; c = 5 mg/ml; n = 8), or a control human rAb 2B4 (ctrl rAb) against measles virus nucleocapsid protein (500 μl; c = 5 mg/ml; n = 4), respectively, was transferred into the retrobulbar venous plexus of female lewis rats previously immunized with guinea pig (gp)MBP 72-85 -peptide emulsified in complete Freund's adjuvant containing 2.5 mg/ml inactivated Mycobacterium tuberculosis H37 ra. Alternatively, variants of NMO rAbs containing point mutations reducing complement-dependent cytotoxicity (CDC) [NMO rAb_no CDC (K322A), n = 2] or antibodydependent cell-mediated cytotoxicity (ADCC) (NMO rAb_no ADCC [K326W/e333S], n = 2) were i.v. injected [31, 38, 44] . The rAbs were applied 7-9 days after immunization at a clinical disease score of 1.0-1.5 (tail paralysis and/or mild righting abnormalities). rats with eAe were scored according to Weissert et al. [42] . The rats were euthanized 30 h after i.v. rAb injection, and brains and spinal cords were dissected and processed for paraffin embedding.
Induction of focal astrocyte depletion in the rat brain by intracerebral stereotactic injection of NMO rAbs (focal NMO model) rats were anesthetized i.p. by ketamine/xylazine and mounted in a stereotactic frame. A rostro-caudal cut was performed to give access to the skull. A small hole was drilled into the skull 1 mm caudal and 2 mm lateral to the bregma to uncover the surface of the brain. A finely calibrated glass capillary (Ø = 0.05-0.1 mm) was then stereotactically inserted, targeting the motor cortex or underlying corpus callosum (1.7-2.2 mm depth), respectively. The rats were then injected with a total volume of 1 μl of NMO rAb, NMO rAb_no ADCC (n = 8) or NMO rAb_no CDC (n = 8) (c = 2.5 mg/ml) diluted in NMO-Igg negative human serum or PBS with purified human complement (Sigma-Aldrich) over a 3-min period. Control animals were injected with human serum or complement alone, heat-inactivated serum together with NMO rAb or human serum or complement together with ctrl rAb. Monastral blue (SigmaAldrich) was added as a marker dye to trace the injection site. After injection, the glass capillary was carefully withdrawn and the operation site was sealed by suture. The animals were perfused at various time points after injection (1 h, 3 h, 24 h, 3 days, 1 week, 2 weeks, 4 weeks), and the brains were dissected and processed for paraffin embedding. [20] . To assess mature oligodendrocytes and oligodendrocyte precursor cells, NogoA (mAb 11C7 [25] , kindly provided by M.e. Schwab, Brain research Institute, Department of Neuromorphology, University and eTH Zurich) and Olig2 (IBl, Hamburg, germany) immunohistochemistry were performed. Biotinylated secondary antibodies followed by avidin-peroxidase and diaminobenzidine were used to visualize antibody binding. Polymorphonuclear cells were visualized by detecting chloroacetate esterase by enzyme histochemistry (Naphthol AS-D Chloroacetate esterase kit; Sigma-Aldrich, Steinheim, germany).
Quantification of NogoA-and Olig2-positive oligodendroglial cells Cell densities were evaluated at a 400× magnification using an ocular morphometric grid. In the eAe/NMO model Olig2-and NogoA-positive cells were counted in astrocyte-depleted lesions of 5 spinal cord cross sections per animal after NMO rAb injection, whereas random grey and white matter areas were assessed in ctrl rAb-injected animals (NMO rAb-injected rats: n = 8; ctrl rAb-injected rats: n = 4). Means of lesion and normal-appearing grey and white matter cell densities were calculated for each rat. In focal NMO (each group: n = 5) Olig2-and NogoA-positive cells were counted in one brain lesion per animal; in animals injected with ctrl rAb cells were evaluated near the injection site. In the human brain and spinal cord, NogoAand Olig2-positive cells were counted in areas of astrocyte loss as well as in the periplaque white matter (PPWM).
Quantification of the loss of astrocytic proteins (gFAP, AQP4, eAAT2, S100β)
The extent of astrocyte loss in experimental NMO lesions was assessed using gFAP immunohistochemistry (IHC). In addition, the loss of AQP4, eAAT2 and S100β was quantified after focal NMO lesion induction. Immunostained spinal cord or brain sections were scanned using a BX51 Olympus light microscope equipped with a DP71 digital camera. Areas of complete loss of immunoreactivity were measured using AnalySIS (Soft imaging System ® , Münster, germany). 10-15 spinal cord cross sections were examined per animal in the eAe/NMO model (NMO rAb-injected rats: n = 8; ctrl rAb-injected rats: n = 4). Data are given as percentage of gFAP-free area per whole measured spinal cord area. loss of immunoreactivity of gFAP, AQP4, eAAT2 and S100β was quantified in five animals per group with stereotactically induced focal NMO lesions. graphs indicate mean cell numbers per animal whereby each data point corresponds to one animal.
Statistical analysis
Data were analyzed and graphs generated using graphPad Prism Version 5 for Windows (graphPad Software, San Diego, CA, USA). For statistical comparison of two or more experimental groups, unpaired t test or one-way ANOVA was applied. If variances were significantly different, Welch's correction was used. Non-parametric tests (Mann-Whitney or Kruskal-Wallis, followed by Dunn's post-test) were performed if the data did not follow a gaussian distribution. Data are presented as mean ± SD. A p value ≤0.05 was considered significant.
Results
Intravenous transfer of human NMO rAbs leads to perivascular astrocyte depletion and a more severe disease course in rat eAe Human NMO lesions contain perivascular and parenchymal CD4-and CD8-positive T cells [16, 32, 39] . However, to date, only mild perivascular infiltrates without astrocytic loss have been generated by direct immunization of experimental animals with AQP4 protein or AQP4 peptides [24, 27] . To enhance the penetration of NMO antibodies into the CNS parenchyma, NMO rAbs were injected intravenously into lewis rats preimmunized with guinea pig MBP 72-85 peptide. MBP immunization on its own has been reported to only lead to perivascular T cell and macrophage infiltration, but no relevant demyelination or astrocyte loss [1, 14, 15, 45] . Transfer of NMO rAb, but not ctrl Ab, into MBP-immunized rats produced large perivenous astrocyte-depleted areas, predominantly in the spinal cord, where the majority of perivascular inflammatory infiltrates were localized ( Fig. 1a-m ; Mann-Whitney test; p = 0.0095). Importantly, significantly higher mean maximum eAe scores were attained by animals transferred with NMO rAb (Mann-Whitney test; p = 0.0377; Fig. 1n ). On serial sections, spinal lesions showed a similar size on IHC for AQP4, gFAP, S100β and eAAT2 ( Fig. 1a-d) . Suppl. Fig. 1 highlights the predominantly perivenous lesion distribution with loss of astrocytes or astrocytic proteins only in animals injected with NMO rAb (Suppl. Fig. 1i-l) , but not in controls injected with ctrl rAb (Suppl. Fig. 1a-d ). These findings support the notion that NMO rAbs predominantly lead to a depletion of astrocytes in the grey (gM) and white matter (WM) in the eAe/NMO model, but not to a substantial downregulation of AQP4 protein in the lesion penumbra ( Fig. 1a-d ; Suppl. Fig. 1i-l) .
Both experimental groups-injected either with ctrl (Suppl. Fig. 1f ). Increased numbers of foamy macrophages were observed in astrocyte-depleted areas ( Fig. 1k ; Suppl. Fig. 1o ) compared to controls (Suppl. Fig. 1g ). Perivascular C9 (Fig. 1e ) and human Igg deposits ( Fig. 1f) were detected after NMO rAb injection. In addition, a marked infiltration by polymorphonuclear granulocytes was observed 30 h after NMO rAb transfer (Fig. 1g) . At this time point, these animals showed initial signs of acute axon damage detected by APP staining, whereby the amount exceeded the axonal injury observed after MBP immunization alone (Fig. 1h) . Axonal loss was not evident by Bielschowsky silver impregnation at this time point ( Fig. 1i; Suppl. Fig. 1p ). Additionally, astrocyte-depleted areas showed mild perivascular demyelination and myelin vacuolization ( Fig. 1l; Suppl. Fig. 1m ), which was not seen in ctrl rAb-injected rats (Suppl. Fig. 1e ).
Astrocyte depletion is complement-dependent
To exclude potential confounding effects caused by non-AQP4-specific lymphocytic inflammation due to prior immunization, we developed a focal NMO model similar to that previously described in mice [35] . Circumscribed astrocyte-depleted lesions were observed after stereotactic injection of small volumes (1 μl) of human NMO rAb together with human serum or complement into the rat cortex or white matter, respectively (Fig. 2a, d ). In contrast, injection of human recombinant-anti measles antibody (2B4) (ctrl rAb) alone or diluted in serum (data not shown), heat-inactivated human serum with NMO rAb (Fig. 2b , e) or human serum alone (Fig. 2c, f) did not induce astrocyte loss or loss of AQP4 expression. Similar results were obtained using purified human complement preparations (data not shown).
These findings were confirmed by the focal intracerebral injection of a mutant recombinant human anti-AQP4-antibody lacking the complement-binding site (NMO rAb_no CDC), which produced significantly smaller astrocyte-depleted lesions compared to "wildtype" NMO rAb injection. Similarly, the use of a mutant antibody with reduced ability to activate ADCC (NMO rAb_no ADCC), led to significantly diminished lesion size (NMO rAb: 1.1 ± 0.5 mm 2 ; NMO rAb_no CDC: 0.4 ± 0.3 mm2; NMO rAb_no ADCC: 0.15 ± 0.3 mm 2 ; one-way ANOVA; **p < 0.001; ***p < 0.0001; Fig. 2g ). Assessing the contribution of antibody effector functions in the systemic NMO/eAe model, we found that astrocyte loss was nearly prevented by injecting the mutant antibody lacking CDC function (gFAP-depleted area in % of total spinal cord cross-sectional area: NMO rAb: 13 ± 7 % vs. NMO rAb_no CDC: 1.3 ± 0.9 %; Fig. 2h ). In addition, we observed less gFAP loss after applying the antibody mutant deficient in ADCC (NMO rAb_no ADCC: 6 ± 2 %; Fig. 2h ). This indicates that CDC as well as ADCC contributes to NMO lesion formation in both our models. rapid loss of oligodendrocytes after astrocyte depletion NMO is generally considered a demyelinating disease, however, it remains unclear how this humoral immune reaction against astrocytes exactly leads to demyelination. Taking advantage of the eAe/NMO model, NogoA-and Olig2-positive oligodendroglial cells were analyzed in astrocyte-depleted lesions 30 h after NMO rAb transfer. Quantification of NogoA-positive cells in sections costained for gFAP (purple) and NogoA (brown) revealed a significant ~48 % decrease of mature oligodendrocytes in eAe/NMO lesions [NMO rAb-transferred rats (n = 8); Fig. 3a , e] compared to animals transferred with ctrl rAb (n = 4; 224 ± 12 immunopositive cells/mm 2 ; p < 0.0001, t test; Fig. 3b, e) . Similarly, a significant loss of ~52 % of Olig2-positive OPCs (brown) was observed in NMO rAb-transferred rats compared to controls (NMO rAb: 71 ± 28 cells/mm 2 (Fig. 3c, f) ; ctrl rAb: 148 ± 31 cells/mm 2 (Fig. 3d, f) ; p = 0.004, MannWhitney test).
To delineate the time course of oligodendroglial loss, early stages of NMO lesion development were studied in the focal NMO model. Already 1 h after lesion initiation, a reduction of astrocyte density and retraction of astrocytic processes were seen (Fig. 4a, b) . However, NogoA-and Olig2-positive oligodendroglial cells still remained well preserved, as were the myelin sheaths at this early time point (Fig. 4c-e) . 3 h after focal NMO Fig. 2 Astrocyte depletion is complement-dependent in both the focal NMO and eAe/NMO model. Injection of NMO rAb diluted in human serum induces a prominent astrocyte-depleted lesional area in the brain as visualized by anti-AQP4 (a) and anti-gFAP (d) immunohistochemistry (IHC). Injection of NMO rAb together with heat-inactivated serum did not induce significant astrocyte loss (b AQP4, e gFAP). Similarly, no astrocyte loss was seen when animals were injected with human serum alone (c AQP4, f gFAP). A significant reduction of the gFAP-depleted lesion areas in the brain was observed when animals were focally injected with mutant recombinant antibodies lacking efficient complement activation (NMO rAb_ no CDC; **p < 0.001, one-way ANOVA; g) or ADCC (NMO rAb_no ADCC; ***p < 0.0001, one-way ANOVA; NMO rAb: n = 8; ctrl rAb: n = 8; NMO rAb_no ADCC: n = 8; NMO rAb_no CDC: n = 8; g). Also, i.v. injection of these point-mutated antibodies reduced the size of spinal astrocyte-depleted lesions in the eAe/NMO model compared to "wild-type" NMO rAb (NMO rAb: n = 2; ctrl rAb: n = 2; NMO rAb_no ADCC: n = 2; NMO rAb_no CDC: n = 2; h). Monastral blue marks the injection site (a-f). The dotted line indicates the astrocyte-depleted area. Scale bar 200 μm rAb injection, the astrocyte-depleted area was already well demarcated on gFAP-and AQP4-immunostained sections (Fig. 4f, g ). At this time point, a reduction of oligodendroglial cells was already apparent (Fig. 4h,  i) ; however, the myelin sheaths still appeared intact (Fig. 4j ).
Oligodendrocyte and oligodendrocyte precursor loss are features of early human NMO lesions
We examined oligodendrocyte densities in astrocytedepleted lesions in cerebral and spinal biopsies and autopsies from anti-AQP4-seropositive patients (Table 1 ). early 
Additionally, loss of mature oligodendrocytes [h NogoA (inset damaged oligodendrocyte)] and OPCs is prominent (i Olig2), but loss of myelin is not yet apparent (j MBP). The dotted line delineates the astrocyte-depleted area. Monastral blue marks the injection site (a-j).
Scale bar 50 μm NMO lesions were characterized by a focal loss of lFBpositive myelin sheaths (Fig. 5a ), relative axonal preservation (Fig. 5b) , infiltration of KiM1P-positive foamy macrophages that largely also expressed the early antigen MrP14 (Fig. 5c, d ) and reduction of gFAP-and AQP4-immunoreactivity (Fig. 5e, f) . Scattered T cells were observed perivascularly as well as in the parenchyma (Fig. 5g, h) . A few polymorphonuclear cells were also detected (Fig. 5i) . Furthermore, deposition of Igg (Fig. 5j) and activated complement components (C9neo) was found (Fig. 5k) . Oligodendroglial cells as identified by CNP (l), NogoA (m), or Olig2 (n) immunohistochemistry were markedly reduced in early NMO lesions. The densities of NogoA-and Olig2-positive oligodendroglia were quantified in areas of gFAP-and/or AQP4-loss as well as in the periplaque white matter (PPWM) (NMO lesions: n = 6 patients; PPWM: n = 5 patients). NogoApositive mature oligodendrocytes were present at a density of 274 ± 59 cells/mm 2 in the PPWM (set to 100 %) and significantly reduced to 4.9 % (14 ± 13 cells/mm 2 ) in lesions (p = 0.0006, t test with Welch correction; Fig. 5o) . Similarly, Olig2-positive oligodendroglia were significantly decreased to 1.3 % in lesions (5 ± 3 cells/mm 2 ) compared to PPWM (266 ± 125 cells/mm 2 set to 100 %); (p = 0.0096, t test with Welch correction; Fig. 5p ).
Infiltration of polymorphonuclear granulocytes and macrophages occurs after oligodendroglial demise
We hypothesized that inflammatory mediators released by polymorphonuclear granulocytes or invading macrophages might contribute to oligodendroglial cell death. We thus performed time-course experiments assessing inflammatory cell infiltration 1 h, 3 h, 24 h and 1 week after induction of astrocyte depletion in the focal NMO model. Surprisingly, no invading eD1-positive macrophages/activated microglia (Fig. 6a, b) or polymorphonuclear granulocytes (PMNs) (Fig. 6i, j) , but only few microglia (Fig. 6e, f) were detected 1 or 3 h after focal astrocyte depletion, when oligodendroglial cell death was already apparent (Fig. 9) . However, at 24 h, substantial infiltration by macrophages/activated microglia and granulocytes was observed (Fig. 6c, g, k) . Dense infiltration by macrophages/activated microglia with only a few remaining granulocytes was found 1 week after focal astrocyte depletion (Fig. 6d, h, l) . The density of eD1-positive cells gradually decreased until week 4, the latest time point examined (Fig. 9) . rapid astrocyte repopulation already 1 week after lesion initiation little is known about astrocyte repair of human NMO lesions. Bipolar astrocytes, most likely representing regenerating astroglia, have been described in early human NMO lesions (Fig. 5e) [4, 26] . Using AQP4, gFAP, S100β and eAAT2 as astrocytic markers, we assessed the time frame of astrocytic repopulation and reoccurrence of marker protein expression in focal NMO lesions (Figs. 7a-q, 9 ). 24 h after induction of focal NMO, astrocyte-depleted areas lacked AQP4, gFAP, S100β and eAAT2 immunoreactivity to a similar extent (Fig. 7a-d, q) . One week after lesion initiation, astrocytes had already repopulated ~86 % of the formerly depleted lesion area (Fig. 7e-h Fig. 7d, h, q) . 2 weeks after lesion initiation the lesion area was already fully repopulated, showing an upregulation of AQP4 and gFAP, reflecting astrogliosis (Fig. 7i, j, m, n) . However, expression of S100β and eAAT2 was not yet completely back to normal levels (Fig. 7k, l, o, p, q) .
OPC recruitment is paralleled by astrocyte repopulation and precedes the appearance of NogoA-positive mature oligodendrocytes
We hypothesized that oligodendroglial repopulation and maturation within focal NMO lesions might be slow given the near-total destruction of precursor cells and lack of astrocytes. 24 h after focal NMO lesion induction, a substantial reduction of NogoA-positive cells by ~77 % and of Olig2-positive cells by ~83 % of was observed in astrocyte-depleted areas compared to ctrl rAb-injected animals (Figs. 8a, b, q, r, 9 ). Myelin appeared pale on MBP IHC ( Fig. 8c; Suppl. Fig. 2 ). One week after lesion induction, NogoA-positive cells were still reduced by ~70 %, whereas Olig2-positive cells were abundant throughout the lesion area (Fig. 8e, f, q, r) . At this time point, a fully demyelinated area with fuzzy borders was apparent ( Fig. 8g ; Suppl.
Fig. 2). 2 and 4 weeks after lesion induction, abundant
NogoA- (Fig. 8i, m, q) and Olig2-positive cells (Fig. 8j , n, r) were found in the lesions. remyelination was nearly 1 3 complete at week 4 (Fig. 8o) . Axons were relatively preserved throughout lesion formation and resolution (Fig. 8d,  h, l, p) .
The quantification of NogoA-positive cells in focal lesions confirmed the complete repopulation of lesions with NogoA-positive oligodendrocytes at week 2 (after 24 h, 53 ± 16 cells/mm 2 ; after 1 week, 70 ± 28 cells/mm 2 ; after 2 weeks, 229 ± 37 cells/mm 2 ; ctrl rAb after 24 h, 231 ± 58 cells/mm 2 ; p < 0.0001, one-way ANOVA) (Figs. 8q, 9 ). In contrast, repopulation by Olig2-positive cells already occurred 1 week after lesion induction (after 24 h, 39 ± 13 cells/mm 2 ; after 1 week, 221 ± 49 cells/mm 2 ; ctrl rAb after 24 h, 189 ± 42 cells/mm 2 ; p < 0.0001, one-way ANOVA) (Figs. 8r, 9 ).
Discussion
NMO is an inflammatory demyelinating disease of the CNS with substantial similarities to MS, both clinically and pathologically. In NMO astrocytes have been identified as the targets of a destructive humoral immune response. The links between astrocyte damage and demyelination, however, remain unclear. Using two different experimental models based on recombinant human anti-AQP4 antibodies and early human NMO biopsy tissue, we report here that oligodendroglial death rapidly follows astrocytic demise leading to secondary demyelination. We furthermore confirm, using a mutant recombinant antibody, that complement-mediated astrocyte depletion is a crucial process in lesion initiation. In addition, ADCC contributes to astrocyte destruction in our models. With regard to lesion repair, we show that astrocyte repopulation in the focal NMO model takes approximately 1 week. On the contrary, only few mature NogoA-positive oligodendrocytes are detectable at that time point. This study thus underlines fundamental differences in the mechanisms of demyelination between MS and NMO.
In a first set of antibody transfer experiments, we took advantage of an established monophasic rat eAe model, namely immunization of lewis rats with gpMBP-peptide. This model leads to perivenous mononuclear infiltration 7-10 days after immunization predominantly in the spinal cord, with ascending paralysis followed by recovery within several days [42] . We injected NMO rAb at the onset of clinical symptoms, thus allowing the antibody access to the CNS [1] . Animals injected with NMO rAbs showed a more severe eAe disease score [3] , and the lesions generated closely resembled human NMO lesions with perivenous astrocyte depletion, perivascular complement and Ig 7 rapid repopulation of focal NMO lesions by astrocytes. 24 h after intracerebral NMO rAb injection, a prominent loss of astrocytes (a AQP4, b gFAP, c S100β, d eAAT2, q p < 0.0001, Kruskal-Wallis with Dunn's multiple comparison test) is observed. Already 1 week after lesion induction, astrocyte repopulation is substantial (e AQP4, f gFAP, g S100β, h eAAT2, q). After 2 weeks, astrocyte repopulation appears nearly complete (i AQP4, j gFAP, k S100β, l eAAT2, q). 4 weeks after lesion induction the area of former astrocyte depletion is fully repopulated and shows an upregulation of AQP4 (m) and gFAP (n), whereas the expression of S100β (o) and eAAT2 (p) is still slightly reduced. For each time point and condition n = 5 animals per group are included in the analysis. Monastral blue marks the injection site. Scale bar 100 μm deposition, and infiltration by T cells, neutrophilic granulocytes and macrophages, with predominantly spinal lesion localization. 30 h after antibody injection, myelin appeared pale and in part vacuolized, but no fully demyelinated lesions were observed. In contrast, oligodendroglial cells were already markedly reduced, and there was substantial acute axonal damage [1, 3, 11] .
Interestingly, the complete features of human NMO have yet to be reproduced by immunization with AQP4 peptides or protein alone [10, 24, 27] . The transfer of AQP4-peptide-specific T cell lines in rats resulted in mononuclear inflammatory infiltration in the CNS parenchyma, and the additional transfer of AQP4-specific antibodies produced mild perivenous and subpial astrocyte loss [27] .
The combined results suggest that particular features of cellular and humoral immunity may be necessary to produce pathognomonic NMO histopathology. Therefore, the eAe/NMO model facilitates the study of NMO lesion formation, development and repair by providing a highly predictable disease course and substantial perivenous spinal cord inflammation and astrocyte depletion. However, it should be noted that MBP-specific T cells have so far not been found to play a role in the human disease.
To further study the extent and time course of tissue damage elicited by NMO rAbs alone, without perivenous T-lymphocytic inflammation, we applied a focal stereotactic NMO model based on intracerebral injection of human NMO rAbs. We used patch clamp capillaries (Ø = 0.05-0.1 mm) for stereotactic injection to minimize traumatic tissue injury [21] . Furthermore, a minimal fluid volume of 1 μl was injected over a 3-min period. Hence, we could confirm that astrocyte depletion by NMO rAbs is rapid and dependent on complement activation [35] . A mutant antibody with reduced CDC function produced no or only minimal astrocyte injury in either model system. Activated complement components are a hallmark of early NMO lesions, and in addition may link astrocyte injury with subsequent oligodendrocyte destruction [23, 32] . The current data therefore provide further support for blocking antibody effector function in the treatment of acute NMO exacerbations [29, 38, 44] .
Interestingly, a mutant antibody with diminished ADCC effector function [31, 38, 44 ] also showed reduced astrocyte depletion in our NMO/eAe antibody transfer model and-even more pronounced-in focal NMO (Fig. 2g, h ). This may suggest a role of ADCC in NMO lesion propagation [29, 31, 44] . recently, using a similar experimental approach, recombinant human anti-AQP4 antibodies co-injected with an NK cell line into the mouse brain produced large astrocyte-depleted lesions without accompanying demyelination [31] . While NK cells are reported to be scarce in human NMO tissue [34] , neutrophils, eosinophils, and macrophages in NMO lesions may express Fcγ receptors and thus contribute to astrocyte damage via ADCC [29, 44] .
Apart from their ability to lyse astrocytes via complement activation and ADCC [29, 31] , anti-AQP4 antibodies binding to target astrocytes may initiate alternative pathogenic mechanisms [6, 8] . Internalization of AQP4 and eAAT2 after incubation of astrocytes without complement has been reported [7, 18] and may lead to deficient clearance of glutamate and secondary excitotoxic damage to brain parenchymal cells [7, 18] . Furthermore, altered water homeostasis may lead to myelin vacuolization [8] . Consistent with these observations, AQP4 loss in early inflammatory human NMO lesions regularly exceeds the area of gFAP, i.e., astrocyte, loss [32] . The relevance of these processes to NMO pathophysiology, however, remains uncertain. Internalization of AQP4 and eAAT2 was not observed after direct CNS injection of anti-AQP4 antibody [30] , and anti-AQP4 autoantibodies did not inhibit water flux in reconstituted AQP4 proteoliposomes [33] . In both our models, immunohistochemical stainings for the astrocyte proteins gFAP, AQP4, eAAT2 and S100β showed nearly , q) , whereas Olig2-positive cells have returned to normal levels (f Olig2, r one-way ANOVA, p < 0.0001) and remain stable at weeks 2 (j, r) and 4 (n, r). MBP IHC reveals a demyelinated area with fuzzy borders (g) and preserved axons (h Bielschowsky silver impregnation) after 1 week. After 2 weeks numbers of mature oligodendrocytes have returned to near normal densities (i NogoA, q one-way ANOVA, p < 0.0001) and are stable at week 4 (m, q). This is paralleled by remyelination (k, o MBP) and morphologically intact axons (l, p Bielschowsky silver impregnation) at weeks 2 and 4. Injection of the ctrl rAb with human complement did not significantly influence oligodendroglial cell counts at any time point (q, r). For each time point and condition n = 5 animals per group are included in the analysis. Monastral blue marks the injection site. Blue ctrl rAb, black NMO rAb. Scale bar 100 μm identical staining patterns in lesions, indicating that a selective downregulation of AQP4 or eAAT2 did not substantially contribute to lesion pathogenesis. A possible explanation could be the single administration of antibody leading to relatively even antibody distribution and only comparatively low antibody concentrations in the tissue.
Clinically and also pathologically, NMO is a demyelinating disease. The study of early human NMO lesions indicates a characteristic sequence of loss of myelin proteins, namely of MAg and CNP before MBP and PlP [4, 23] . Furthermore, dying oligodendrocytes were found in and at the edges of NMO lesions [4, 26] . These features are consistent with secondary demyelination induced by damage to oligodendrocytes. In both of our models that are dependent on complement-mediated astrocyte lysis, we show that oligodendrocyte death occurred within a few hours after astrocytic demise, even before substantial infiltration by granulocytes or macrophages/activated microglia was observed. Thus, mediators of oligodendrocyte injury independent of those released by granulocytes and activated microglia/macrophages are likely important [35] . The very rapid oligodendroglial death further argues against a lack of astroglial trophic factors playing a role in oligodendroglial demise. More likely, factors released by dying astrocytes, the loss of astrocytic buffering of toxic extracellular components (e.g., glutamate), alterations in the tissue microenvironment induced by astrocyte loss, or activated complement components may contribute to oligodendroglial death. Interestingly, mature NogoA-positive oligodendrocytes and Olig2-positive oligodendroglial precursor cells appeared equally susceptible to injury in our lesion models.
Marignier et al. showed that incubation of astrocytes with anti-AQP4 antibodies without complement was sufficient to induce a modest amount of astrocyte dysfunction associated with the accumulation of glutamate in the culture medium. Oligodendroglial cell death could be rescued in part by a glutamate antagonist [18] . In an optic nerve explant model, apoptotic oligodendrocytes were induced by supernatants of astrocytes treated with anti-AQP4 antibodies without complement or serum. Thus, astrocyte dysfunction could produce scattered oligodendroglial cell death, though not overt demyelination. As noted previously, in NMO-like lesions generated using anti-AQP4 antibodies and NK cells, no demyelination was observed after 4 days, indicating that oligodendroglial cell death is less pronounced or may be delayed in the absence of CDC [31] . Interestingly, astrocyte dysfunction after lipopolysaccharide injection also leads to oligodendroglial cell death, indicating the importance of astrocyte functionality for oligodendroglial survival [36] .
Only scant evidence of oligodendroglial regeneration has thus far been reported in chronic human NMO lesions. However, astrocytic repopulation of NMO lesions is observed early after lesion formation and is morphologically characterized by bipolar, elongated astrocytes that are not seen in the usual post-inflammatory gliotic reaction, e.g., in MS lesions [4, 26] . The focal NMO model facilitates an assessment of the time course of lesion repair because the lesion site can still be identified after several weeks due to the injection of a marker dye. Thus, we found that astrocytic repair is already substantial 1 week after lesion induction. Similarly, Olig2-positive oligodendrocyte precursor cells were abundant in the lesion at this time point. However, mature NogoA-positive oligodendrocytes were still scarce and consequently, no signs of remyelination could be detected in the lesion center. This is in line with experimental data showing that astrocytes produce trophic factors necessary for oligodendroglial cells, and that no efficient oligodendroglial remyelination occurs in the absence of astrocytes [2] . Of note, repair may be facilitated in our focal model by the fact that-in contrast to the human disease-antibody is injected only once, and no blood-borne adaptive inflammatory reaction is present. An evaluation of the time course of lesion repair in the eAe/NMO model may assist in addressing these issues.
In conclusion, we report here that focal and systemic injection of human NMO rAb against AQP4 can reproduce important features of human NMO lesion pathology. Astrocytic death largely depends on complement activation, but also on ADCC, and oligodendroglial cell death occurs rapidly after astrocytic demise and precedes the infiltration of immune cells. Of note, astrocytic lesion repair is substantial within 1 week after lesion induction, and followed by oligodendroglial migration and differentiation. A more detailed understanding of lesion pathogenesis in NMO will help us to identify relevant targets for astrocyte, oligodendroglia, and myelin protection and repair.
